The physical properties and molecular structure of five natural indole alkaloids (IAs) and their interaction with protein targets have been studied, experimentally and theoretically. Electronic absorption (EAs) and CD spectroscopy, electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS), as well as imaging mass spectrometric techniques (IMS) were used, analyzing the isolated alkaloids and corresponding IAs/protein molecular complexes. Theoretical quantum chemical DFT calculations were also applied. The mechanism of their biological activity and structure-activity relationship as potential neurologically active compounds were studied, using the model interactions with 5HT 2A receptors. The gas-phase stable molecular fragments of the IAs are discussed comparing the experimental mass spectrometric data and theoretical quantum chemical DFT calculations of the different molecular fragments of the IAs.
For the delineation of the synthetic pathways of secondary metabolites in higher plant and fungi, indole alkaloids (IAs) have been an area of interest in recent decades [1] . Although, IAs, consist of a large number of classes, covering an enormous variety of skeletal types that are well defined at a chemical and structural level, the number of synthetic pathways is still small. These alkaloids display a wide range of biological activity, such as anticancer, anti-malarial, anti-arrhythmic, and central nervous system stimulation [1] . For their potential pharmaceutical application, knowledge is required of the mechanism of their biological activity. In this respect, the study of structure-activity relationships, and especially the potential of the compounds for the treatment of neurological disorders requires further interdisciplinary investigations in fields such as biology, biotechnology, chemistry, biochemistry, and pharmacology [1, 2] . The structural similarity of IAs and neurotransmitters has led researchers to postulate possible neurological activity. Since different classes of IAs have been reported to possess affinity toward different serotonin receptors, the present molecular modelling study was initiated to describe the target interaction of natural IAs with selected receptors. The objects of study were five IAs (Scheme 1). 8-Hydroxyexophialin (1) and exophialin (2) were isolated from a human-pathogenic fungus [2i] . The structures of the last IAs are unusual, since there are no other examples that contain an aromatic pentaketide. Therefore, the molecular modelling and dynamic (MM, MD) study of the receptor interaction is of particular interest. It would be helpful to note the scheme for elucidation of compounds 3-5 based on the chemical, quantum chemical and computational point of view, as well as experimental assumptions, correlating the structure-optical properties of IAs and drug-receptor systems.
Strictosidine (3) [3] has been noted as the sole precursor for the biosynthesis of more than 2000 IAs. This system is used for validation of our theoretical approach, since it allow comparison of the obtained theoretical and experimental geometry parameters of the studied flexible molecular systems. The key role of the carbohydrate moiety in 3 is it possibility for a large number of hydrogen bond interactions with the receptors' loops, i.e. large number of possible molecular conformations. The data for 3 are compared with those of 1(S)-(α-D-arabinofuranosyl)-1,2,3,4tetrahydro-β-carboline (4) and methyl 9-ethenyl-5-methyl-11-oxo-6,8,9,11,11a,12-hexahydro-6,10-methanoindolo(3,2-b) quinolizine-10(5H)-carboxylate methanol solvate (5), structurally determined by single crystal X-ray diffraction [3] .
On the other side, the high molecular specificity and sensitivity of mass spectrometry (MS), and in particular MALDI-MS, has been employed for direct mapping and MSI [4] . The method presents a robust analytical approach, combining the chemical information of MS detection with imaging technology. MSI has become a method of choice in modern natural products (NPs) research, by providing investigators with molecular formulas, isotopic profiles and fragmentation data that are especially useful for dereplication and structure elucidation. Thus, theoretical calculations about the gasphase stable molecular fragments were compared to the experimental mass spectrometric data, allowing clarification of the mechanism of interactions of the small molecules with the protein targets, as well as the model binding scheme of interaction.
The molecular geometries of the IAs (Figure 1 ), optimized by DFT quantum chemical calculations, are compared to the geometry parameters of 4 and 5, respectively. The obtained regression r 2 factors of 0.9994 1 -0.9999 3 indicate unambiguously the applicability of the corresponding theoretical levels to the complex interacting systems. The 6-hydroxy-naphtho[2,1-b]furan-2,5-dione fragment in 1 and 2 is planar with a deviation of the total planarity of 0.03 o . The indole plane is disposed at an angle of 32.3-34.6 o . A difference of less than 0.031 Å and 0.0(4) o is obtained. The theoretical isosurface parameters, electrostatic potentials, cavitation, dispersion, repulsion and Gibbs (G) free energy, as well as total dipole moments (Table  2) are especially informative towards the possibility for the loop interaction in the proteins. Similar to previous MD simulations, the receptor interaction is performed using the shown most stable conformers ( Figure 2 ). The structural similarity, and observed common molecular-functional fragments of the natural molecular inhibitors of the 11β-hydroxysteroid dehydrogenase and the studied IAs [3k], provoked the study of the complex interactions of 1-5 with 2ILT. Moreover, the large number of available MD simulations [3] allows a precise comparison of the obtained theoretical data depending on the level of theory, which appears very important in the study-related prediction of the structurebiological function of large flexible molecular systems. The obtained similarity of the model interactions of 1, 2 and 5 with the receptor shows hydrogen bond formation with Leu217, Glu49 and Thr40. The conformations of 1 and 2 are weakly effected, since  1 is about 7.5 o higher than the corresponding angle in isolated IAs. The obtained lowest G values of 5HT 2A -(I), I = 1, 2 and 5 ( Table  2 ), indicate that the receptor interactions were localized in the hydrophobic part of 5HT 2A . In contrast, the interaction of 3 and 4 with the receptor is characterized with high G values and a large number of additional hydrogen bonds with the carbohydrate fragments in 3: Tyr177, Met233, Ser170, His232 and 4: Asn123, His120, Tyr147, Tyr177, Tyr183 and Thr40 (Table 1) . As expected, the  1 angles are changed significantly, to 92.3 o (3) and 66.2 o (4), respectively. The obtained data for EAs and CD spectra are in accordance with the obtained model interactions, since the common helix structure is effected insignificantly (Fig 2) .
Most of the helical movements occurred during the first MD simulation, whereas the subsequent simulations displayed smaller changes. The highest wavelength electronic transition is assigned to the intermolecular charge transfer of IAs and Tyr177 ( (Table 1 ). The MM is performed according that the Tyr481 is replaced by Phe (see Phe462, Phe469, and Phe471 in 1CBG). Similar to 5HT 2A -(I), where I = 3-5, the obtained relatively high values of G is associated with the fact that the polar molecule (3) interacts with a loop at the hydrophobic part of the SG ( Figure  3 ). Similar to 5HT 2A -(3), the ACs of 3 show an [] D difference of 0.06 units (Figure 1 ). The complex molecular interaction of the studied IAs with strictosidine-O--d-glucosidase, using the crystallographic data 2JF6 and 2JF7, are summarized in Table 4 . Of interest are the obtained data about the non-covalent interactions of NH … andNH …  type with the conjugated aromatic systems of 1 and 2, respectively, which effect significantly the obtained optical properties, including the electronic absorption and fluorescence data. These data allow a precise experimental evaluation of the type of molecular interactions, since the fluorescence properties of these proteins are characterized with the  em within 400-500 nm at the excitation energy  ex = 365 nm [3] . The proteins are characterized with a shoulder up to 515-550 nm, as shown in Figure 4 . The obtained experimental data of 1 and 2 (Table 3, Figure 4 ) agree reasonably well with the theoretically optical properties of the isolated species, as well as the molecular complexes with 1GBG, 2ILT, and 2JF7, respectively. Since the bioassay based on inhibition of ɑ-glucosidase biosynthesis in Bacillus licheniformis has been found to be useful in the toxicity screening of environmental samples, methods for analytical determination of -glucanase activity, based on the use of natural substrates, have been widely used for preliminary characterization of enzyme preparations either from natural or recombinant sources, and for analytical purposes in industry [5] . One of the approaches has been based on organic dyes possessing electronic absorption characteristics within 500-225 nm [5] . Since 1 and 2 were characterized with the charge transfer band (CT) within the same region (Table 3) , as well as fluorescence emission within 600-610 nm (Figure 4) , outside the spectroscopic region typical for the emission spectra of these proteins, these spectroscopic characteristics are very useful, and under the experimental conditions, such as solvent polarity, p-stacking and XH… interactions (X = O or N), compounds 1 and 2 would have analytical application. As can be seen from the obtained experimental data, the molecular complex interactions lead to bathochromic shifting of the  em of 1 and 2, accompanied by reduction of the intensity of the corresponding bands { em = 656/765 (1) and 670/758 nm (2)}. These phenomena are namely the XH …  interactions, above mentioned, which can be evaluated both qualitatively and quantitatively [6] . The observed bands at about 540, and 580 nm (Figure 4 ) could be associated with non-reacted molecules of IAs.
ESI-MS data of positive, both in single (MS) and tandem (MS/MS) mode, yield molecular weights of the isolated IAs and their NH 4 + adducts. The peaks at m/z 351.12 and 333.28 of 1 and 2 correspond to singly charged adducts of the cationic IAs. The fragmentation leads to the peak at m/z 118.01, due to the cationic indole species ([C 8 H 8 N 2 ] + ). Calculation of the cationic molecular fragments shows a G value of -96.13 kcal/mol. The fragmentation of 3-5 is according to the schemes shown in [2] . The peaks at m/z 170.10, 169.13 and 184.19 are assigned to the species I-III (Figure 4) . Calculations of the G show that the most stable in gas-phase appears to be II with energy of -156.9 kcal/mol. The I and III fragments are characterized by G = -103.02 and -137.13 kcal/mol. The lowest values are associated with the stabilization of the charged species in the frame of the aromatic conjugated systems.
The MALDI MSI spectra show peaks only of the cationic IAs ( Figure 5 ) and the molecular fragments. It is important to note that in each of the obtained spectra, the peak at m/z 123.07 is the result of the matrix DHA cations [C 7 H 7 O 2 ] + . The results illustrate the capability of the MALDI MSI method for successful elucidation of IAs, both qualitatively and quantitatively. Further optimization of MALDI experiments is needed, however, for the analysis of small molecular systems, such as IAs, with a view to minimize the effect of the matrix. In conclusion, our results illustrate the capability of the complex theoretical and experimental study, which include the approaches of quantum chemistry, electronic absorption, CD and fluorescence spectroscopy, as well as mass spectrometric methods for analytical purposes, including both the quantitative and qualitative determination of these compounds in natural extracts and/or complex synthetic mixtures. However the complexity of NPs, their elucidation in natural extracts, detailed determination of the mixtures and especially in vivo studies of their interaction with the target proteins, often is difficult to define unambiguously as a result of the strong overlapping bands of the electronic transitions, existing of more than one most stable conformation and more. For these reasons we are focused on searching for flexible, fast and informative approaches for spectroscopic-structural small molecules-protein complexes. The main significance of the presented results is the obtained correlation between the optical spectroscopic data for the studied complex systems and the theoretical approaches, providing promising analytical information that has enormous potential for fundamental and applied studies.
Experimental
Physical methods: UV-VIS-NIR spectra between 190 and 1190 nm, prepared in acetonitrile (Uvasol, Merck) at a concentration of 2.5.10 -5 M in 0.921 cm quartz cells were recorded on a Tecan Safire Absorbance/Fluorescence XFluor 4 V4.40 spectrophotometer. The The band positions and integral absorbance were obtained using the chemometrics approach [6b,c]; Curve-fitted spectroscopic pattern of 1 using preliminary baseline correction method, by nonlinear multipeak Gaussian function with ratio 1:1; A-total area under the curve from the baseline centre of the peak; w 2 "sigma", approximately 0.754 the FWHM; w/2 -is the standard deviation (c).
using a variant of the solution spray technique containing the matrix and analyte. The solution obtained formed thin liquid films, which were evaporated rapidly to form the matrix/matrix/analyte (Scheme 1). Under these conditions, the obtained polycrystalline samples are characterized by relatively small crystal size, increasing the quality of the obtained spectra. [2k,3g,7] : Quantum chemical calculations were performed with GAUSSIAN 09 and Dalton 2.0 program packages, visualizing by a GausView03 program package. The geometries of the studied species were optimized by density functional theory (DFT), employing CAM-B3PW91 and M06-2X functional. Molecular geometries of the studied species were fully optimized by the force gradient method using Bernys' algorithm. For every structure the stationary points found on the molecule potential energy hyper surfaces were characterized using standard analytical harmonic vibrational analysis. The absence of the imaginary frequencies, as well as of negative eigenvalues of the second-derivative matrix, confirmed that the stationary points correspond to minima of the potential energy hyper surfaces. The electronic transitions in gas phase and methanol were obtained by TDDFT calculations, using the polarizable continuum model (PCM), utilizing the large "correlation consistent" basis sets aug-cc-pVDZ and aug-cc-pVTZ, respectively. For the very largest protein species the ONIOM method was used. MM calculations were performed, using consequently AMBER, DREIDING and UFF force fields. The crystallographic coordinates for protein were obtained from the Protein Databank and were used as input parameters. The charges were assigned to atoms using DFT calculations and NBO values. The crystallographic data for 1GBG, 2ILT, 2JF6 and 2JF7 were obtained by Protein Databank, as PDB files (www.rcsb.org) [3] .
Computational methods

Statistical analysis [8]:
The experimental and theoretical spectroscopic patterns were processed by the R4Cal OpenOffice STATISTICs for Windows 7 program package. Baseline corrections and curve-fitting procedures were applied. The curvefitting nonlinear procedure was used. Interpretation of the spectra was performed by the nonlinear multipoint curve-fitting by the Gaussian function (r 2 =0.9956 2 -0.9987 3 ). The statistical significance of each regression coefficient was checked by use of the t-test. The model fit was determined by the F-test.
